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Abstract 
In the 5.5 MV tandem T11/25 Accelerator Laboratory of NCSR "Demokritos" monoenergetic neutron beams 
have been  produced in the energy range ~ 15-20 MeV using a  new Ti-tritiated target of 373 GBq activity, 
by means of the 3H(d,n)4He reaction. The corresponding deuteron beam energies obtained from the 
accelerator, were in the 1.5-4.5 MeV range. The maximum flux has been determined to be of the order of 106 
n/cm2 s, implementing reference reactions. The 17.1 MeV neutron beam has been used for the measurement of 
197Au(n,2n) reaction cross section. Theoretical calculations have been performed via the statistical model code EMPIRE 
and compared to the experimental data of the present work and data from literature. 
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1. Introduction 
Studies of neutron induced reactions are of considerable significance, both for their importance to fundamental 
research in Nuclear Physics and Astrophysics and for practical applications in nuclear technology, medicine and 
industry. These tasks require improved nuclear data and high precision cross sections for neutron induced reactions. 
It is thus of importance that the performance of the neutron source is well understood and that the experimental 
conditions are well characterized [Fessler (2000)]. At the 5.5 MV tandem T11/25 Accelerator Laboratory of NCSR 
"Demokritos" quasi-monoenergetic neutron beams can be produced with a maximum flux of the order of 106 
n/cm2sec, in the energy range ~ 4-11.2 MeV by using the 2H(d,n) reaction, at the  corresponding deuteron beam 
energies 0.8-8.2 MeV. These neutron beams have been used for neutron induced cross section measurements mainly 
with the activation method [Perdikakis et al. (2006), Serris et al. (2007), Galanopoulos et al. (2007), Patronis et al. 
(2007), Tsinganis et al. (2010), Serris et al. (2012), Diakaki et al. (2013)]. This neutron facility has been 
characterized by means of MCNP5 [J.F. Briesmeister (2000)] Monte Carlo simulations, multiple foil activation 
unfolding technique and deconvolution of recoil energy spectra taken with the BC501A liquid scintillator detector at 
various neutron energies [Vlastou (2011)]. However, in order to validate different model calculations and investigate 
reaction mechanisms, data are needed at higher energies, above 15 MeV, where the pre-equilibrium emission (PE) 
becomes  important and more reaction channels are open.  
 
In view of the above remarks, a new Ti-tritiated target of 373 GBq activity has been installed at the 5.5MV tandem 
T11/25 Accelerator of NCSR "Demokritos", to produce neutrons in the energy range ~ 16-20 MeV by means of the 
3H(d,n)4He reaction. The neutron beam energy has been studied by means of Monte Carlo simulation codes and the 
neutron flux has been determined via the 27Al(n,α) reference reaction. In absence of time-of-flight capabilities, the 
energy spectrum of the neutron beam will be also investigated by means of the Multiple Foil Activation Analysis 
technique, using reactions with different energy thresholds.  The 17.1 MeV neutron beam has been used for the 
cross section measurements of the 197Au(n,2n) reaction for the formation of the ground and the second isomeric state 
of 196Au, where limited data exist in literature.  
 
1. The new high energy neutron facility 
In the 5.5 MV tandem T11/25 Accelerator Laboratory of NCSR "Demokritos" a new neutron facility has been 
installed, producing beams at energies ~ 15-20 MeV by means of the 3H(d,n)4He reaction. The corresponding beam 
energies obtained from the accelerator, were 1.5-4.5 MeV deuterons. The new Ti-tritiated target of 373 GBq 
activity, consists of 2.1 mg/cm2 Ti-T layer on a 1mm thick Cu backing for good heat conduction.  As a trial case of 
the facility, the deuterons were accelerated to energy 2.5 MeV and passed though two 5μm Mo foils in order to 
degrade their energy to 1.5 MeV, where the cross section of the 3H(d,n)4He reaction is high enough to produce 
neutron beam at 17.1 MeV at a flux of the order of ~106 n/s·cm2. The flange with the tritium target assembly was air 
cooled during the deuteron irradiation. Two collimators of 5 and 6 mm diameter were used and the beam current 
was measured both at the collimators and the target (see Fig.1) and was kept at ~ 1 μA.  
 
During the irradiations, the flux variation of the neutron beam is monitored by a BF3 detector placed at a distance of 2 m 
from the neutron production. The spectra of the BF3 monitor are stored at regular time intervals (~100sec) in a separate ADC 
during the irradiation process. The absolute flux of the beam is obtained with respect to the cross section of the 27Al(n,α) 
reference reaction, which is well determined in literature and was found to be ~3x105 n/sec·cm2.  In the present work the 
197Au(n,2n)196Au reaction has been investigated, as will be described in Section 3. High purity Au and Al reference 
foils were placed at a distance of 2cm from the neutron beam production and were irradiated for several hours. The 
induced activity of product radionuclides from the irradiated foils was measured with three HPGe detectors of 16% 
and 50% relative efficiency, properly shielded with lead blocks to reduce the contribution of the natural 
radioactivity. The efficiency of the detectors at the position of the activity measurements (10cm) was determined via 
a calibrated 152Eu source. Corrections for self- absorption of the sample, coincidence summing effects of cascading 
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gamma rays and counting geometry were taken into account along with the decay of product nuclides over the 
whole time range and the fluctuation of the neutron beam flux over the irradiation time.  
 
 
Fig. 1 The tritium target assembly in the deuteron beam-line 
 
2. Study of neutron beam energy 
The study of neutron energy spectra generated by deuterons on the Ti-T target was carried out using the code NeuSDesc, 
developed at IRMM by Birgerssone and Lovestam (2007).  The program calculates average neutron energies, fluencies and 
resolutions by taking into account the energy loss, energy spread and angular straggling of the deuterons in the target assembly 
through the Monte Carlo simulation program SRIM-2008 [Ziegler and Biersack (2008)].  The double differential cross section 
and kinematics of the 3H(d,n)4He reaction are also used. The program includes the option of creating an MCNP [X-5 Monte 
Carlo team (2003)]  input file containing the description  of the neutron field at an arbitrary surface in space.  The results for the 
neutron flux at a distance of 1 mm from the Ti-T target are shown in Fig.2 (a), while the flux at a distance of 20 mm is presented 
in Fig. 2(b) as solid line. 
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Fig. 2.  (a) Neutron flux calculated with NeuSDesc at 1 mm distance from the Ti-T target  and  (b)  Neutron flux calculated with NeuSDesc and MCNP at 20 mm 
distance from the  Ti-T target. 
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The first peak in Fig. 2(a) corresponds to deflected neutrons, while the second peak corresponds to the main 
neutron beam energy.  All these neutrons are scored just after the tritium target, in a circular surface with radius 4 
mm, resulting in a solid angle of about 2π. Due to this close geometry, most of the recorded neutrons are the ones 
deflected from the Mo foils and the Ti layer and only a small percentage of the total flux corresponds to the forward 
neutrons with the nominal main energy. At a distance of 20 mm the angular acceptance is decreased and only these 
forward neutrons are recorded, which constitute the main neutron beam presented in Fig. 2(b). In order to include 
the real experimental setup after the Ti-T target, the neutron field shown in Fig. 2(a) was used as input file for 
MCNP simulations taking into account the Cu backing of the target and the flange containing and supporting the Ti-
T target. These, more realistic, MCNP simulations produced the results shown in Fig. 2(b) as  dashed line. The two 
curves from NeuSDesc  and MCNP are in good agreement implying that the scattering from the Cu backing and the 
surrounding material is negligible. The resulting uncertainty was ±300 keV  for the 17.1 MeV neutron beam energy. 
 
In reaction produced neutron fields, the neutron beam is not purely monoenergetic due to parasitic neutrons  
mainly coming  from  deuteron break up reactions :  3H(d,pn)3H,  2H(d,n)3He and  reactions with Ti(d,n), O(d,n) and 
C(d,n).  A comprehensive understanding of the energy dependence of the neutron flux is of major importance for the 
reliability of neutron induced reaction cross section measurements. In absence of time-of-flight capabilities, the 
energy spectrum of the neutron beam has to be investigated by means of the Multiple Foil Activation Analysis 
technique, using reactions with different energy thresholds such as the 58Ni(n,p)58Co, 93Nb(n,2n)92mNb, 197Au(n,γ)198Au, 
56Fe(n,p)56Mn, 59Co(n,α)56Mn, 115In(n,n’)115mIn, 46Ti(n,p)46m+gSc, 47Ti(n,p)47Sc, 48Ti(n,p)48Sc, 64Zn(n,p)64Cu and 27Al(n,α)24Na. 
High purity natural foils for all these reactions were placed in close contact at a distance of ~2cm from the tritium target 
and after a 26 h irradiation, the induced activities of product radionuclides were measured off-line by HPGe detector systems. 
The preliminary results of this analysis show that the flux gradient of the neutrons in the sample stack, seems to follow the 
expected decrease as the neutrons pass through 10 foils, reducing from ~5x106 n/sec·cm2 at the front Al foil  to ~ 3x106 
n/sec·cm2 at the back Al foil. The unfolding method will be applied to the activation rates of these reactions in the near future 
in order to determine the neutron flux energy distribution of our facility. In the mean time, only threshold reactions 
can be safely measured, since the low energy parasitic neutrons involved in the beam, cannot affect the cross section 
measurements. The investigation of neutron induced reactions started with the 197Au(n,2n)196Au threshold reaction 
cross section that has been measured at 17.1 ±0.3 MeV.   
 
3. The 197Au(n,2n) reaction 
The formation of a high spin isomeric state in the residual nucleus of a reaction is of considerable importance for 
testing nuclear models, as it is governed by the spin distribution of the level densities and the level scheme of the 
nuclei involved. The 197Au(n,2n)196Au reaction presents an interesting case since the high spin value 12- of the 
second isomeric state (m2) of 196Au  relative to the corresponding value 2- of the ground state (g), offers great 
sensitivity for such studies. For this purpose, the 197Au(n,2n)196Au reaction cross section  was measured at 17.1 MeV 
by means of the activation technique. The cross sections for the population of the second isomeric state (Jπ=12- and 
half-life  9.7 h) of 196Au and the sum of the ground  (Jπ=2- and half-life 6.2 d)  and first isomeric state (Jπ=5- and 
half-life 8.1 s) population cross sections, were independently determined through their characteristic gamma-rays. 
The 148 keV transition was used from the deexcitation chain of the second isomeric state and the 356 keV transition 
for the sum of the ground and first isomeric state. These gamma-rays were the most intense and non-contaminated 
transitions from the decay of 196Au. The measurements for the second isomeric state (m2) began ~1 h after the end 
of the irradiation and lasted up to 20 h (two half-lives). The first isomeric state (m1) decays relatively quickly  so 
that the measurements  of the ground state (g) decay, result in the determination of the sum of the cross sections for 
the population of the ground state and the first isomeric state. These measurements were carried out two days after 
the irradiation to ensure that the second isomeric state (m2) had fully decayed to the ground state (g).  
 
More details of the experimental technique are described in the work by Tsinganis et al. (2011), presenting the 
measurements of the 197Au(n,2n)196Au reaction cross section carried out by our group  at the T11/25 tandem Accelerator 
Laboratory of NCSR "Demokritos", in the energy range 9.0-10.5 MeV implementing the 2H(d,n) reaction. The 
installation of the new facility for the high energy neutron production through the 3H(d,n)4He reaction, offers the 
opportunity to extend these measurements  at 17.1 MeV. More measurements are planned in the near future at 
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higher energies in an attempt to provide useful information in the interesting high energy region where the (n,2n) 
reaction cross section decreases and the (n,3n) reaction opens.  
 
Preliminary experimental results  for the cross section of the ground and first isomeric state (g+m1) as well as the 
second isomeric state (m2) of the 197Au(n,2n)196Au reaction, are presented in Fig. 3 and Fig. 4 along  with EXFOR 
data from literature. The overall uncertainty is of the order of 6% and is included in the experimental points. The 
measured cross sections were also compared with calculations performed with the EMPIRE (version 3.2) nuclear 
reaction code [Herman et al (2007)]. 
 
 
 
Fig. 3. Cross section experimental values and theoretical calculations for the population of the ground and first isomeric state of 196Au (g+m1) 
and second isomeric state (m2). The open squares are EXFOR data from literature. Theoretical predictions are also presented for the 197Au(n,3n) 
reaction. 
 
                            Fig. 4. Zoom in the low cross section region of Fig. 3 to highlight the cross section of the second isomeric state (m2). 
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The calculations included contributions from direct (DI) reactions, pre-equilibrium (PE), and compound nucleus 
(CN) reactions. Direct reactions to the low-lying collective states of the deformed nuclei were described by coupled-
channel calculations using an appropriate optical potential (OP). The pre-equilibrium mechanisms, which are 
obtained via the Multi Step Compound (MSC), Multi Step Direct (MSD) and exciton models, were used for the 
description of the particle and gamma-ray emission. CN emission describes the particle and gamma-ray emissions 
within the statistical theory of Hauser and Feshbach (1952) using various optical model parameters retrieved from 
the Reference Input Parameter Library (RIPL) database. In the present work, the OP of Koning and Delaroche 
(2003) was used for protons and neutrons and Avrigeanu et al. (1994) for alphas. Two different macroscopic 
Nuclear Level Densities (NLD) were chosen for the calculations and the results were labelled as EMPIRE 1,2. The 
first case - that is specific to EMPIRE - EMPIRE-1 has been obtained using the BCS theory [Bardeen et al. (1957)] 
along with the Fermi gas model, taking into account deformation effects, and the second, EMPIRE-2, corresponds to 
the NLD of Gilbert - Cameron (1965).  
 
The σg+m1 cross section was easily reproduced by the calculations, while for σm2, the theoretical results could 
only reproduce the general trend of the experimental data, with the distribution shifted at higher energies.  EMPIRE-
1 though, seems to better reproduce the data of σm2 indicating that the deformation effects play an important role in 
the description of neutron induced reactions at the high A mass region. Further tests, however, are needed before a 
firm conclusion is reached. In addition, the large discrepancies of the data do not allow to make possible validation 
of different model calculations. More accurate data are needed in the 9–20 MeV energy range in order to further 
investigate the contributions of the various reaction mechanisms and channels and test the reliability of the 
theoretical calculations. In fact, more measurements are planned to be performed by our group at 18-20 MeV in the 
near future, in order to provide more experimental information and facilitate the theoretical investigation of the 
197Au(n,2n) reaction. 
 
4. Summary 
A new Ti-tritiated target of 373 GBq activity has been installed at the 5.5MV tandem T11/25 Accelerator of NCSR 
"Demokritos", to produce neutrons in the energy range ~ 15-20 MeV by using the  3H(d,n)4He reaction. The neutron 
beam energy has been studied by means of Monte Carlo simulation codes and the neutron flux has been determined 
via the 27Al(n,a) reference reaction. The neutron beam at 17.1±0.3 MeV has been used for the cross section 
measurements of the 197Au(n,2n) reaction for the population of the second isomeric state and the sum of the ground 
and the first isomeric state. Theoretical calculations in the range 8-20 MeV were performed with use of the code 
EMPIRE, which reproduce fairly well the general trend of the experimental data.  However, in order to check the 
reliability of the input parameters entered in calculations, it is necessary to perform additional cross section 
measurements of this reaction. 
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